Abstract-The first results of studying the phase-structural state, properties, sizes of nanograins, hardness, and microstresses in nanocomposite NbN and Nb-Si-N films are given. The investigated films were obtained by the method of the magnetron sputtering of Nb and Si targets onto silicon substrates at different negative potentials at the substrate (from 0 to -70 V), nitrogen pressures P N , and discharge powers at the tar gets. To determine the thermal stability of the films, they were annealed at 600, 800, and 1000°C in a vacuum. It was revealed for the first time that the NbN films have a two phase nanocomposite structure, which consists of δ NbN (NaCl structure type) and α' NbN. The δ NbN phase is also formed in Nb-Si-N films, where it is enveloped by an amorphous Si 3 N 4 phase The hardness of the Nb-Si-N films reaches 46 GPa, which cor responds to the level of superhardness, while the hardness of the NbN nanocomposites is somewhat lower, but also very high (34 GPa). The experimental results for the Nb-Si-N films were explained based on the data obtained from the first principles calculations of the NbN/Si x N y heterostructures by the molecular dynamics method.
INTRODUCTION
The nanostructured films are widely used for the surface hardening of cutting tools in connection with their high hardness, good corrosion resistance, and the low coefficient of friction [1] . Among quite numerous films, NbN based coatings attract progressively greater attention. The hardness of these binary films is higher than that of the bulk NbN material (H V = 14 GPa) and higher than the hardness of other binary nitride films (TiN, ZrN, VN). The hardness of the NbN films deposited under different conditions by the arc method reaches 34-49 GPa [2] [3] [4] [5] [6] [7] . The NbN films were also obtained using magnetron sputtering (MS) [8] [9] [10] [11] [12] , ion beam deposition [13] , using pulsed laser [14] , etc. An increase in the hardness was achieved by the formation of a nanocomposite or a nanolayer structure based on niobium nitride films [15] [16] [17] [18] [19] [20] [21] [22] [23] . Sil icon nitrides are known to have a high thermal stabil ity, low coefficient of friction, and high resistance to oxidation. Thus, it can be expected that the nanocom posite and multilayer Nb-Si-N structures will com bine the properties of the component materials and will possess improved properties in comparison with the films of NbN.
Below, we consider films prepared by the method of magnetron sputtering. We examined recent studies concerning the deposition of NbN and Nb-Si-N films using this method. Some deposition parameters and the hardness of these films are given in Table 1 .
It can be seen that, depending on the deposition parameters, NbN can form several different phases: δ NbN (space group Fm3m), ε NbN (space group P m2), and α' NbN (space group P6 3 /mmc). The for mation of the hexagonal phase occurs at high values of the partial pressure of nitrogen and high bias voltage (U s ) at the substrate [8] [9] [10] 12] . The hardness of the hexag onal α' and ε phases of NbN is higher compared with cubic δ NbN [8, 9] . However, it was revealed in [15] that the addition of silicon to 3.4 at % led to an increase in the hardness to 53 GPa. This increase in the hardness was connected with the formation of a nanocomposite structure of the Nb-Si-N films, which represented nanosized NbN grains built in into the amorphous matrix of SiN x [15] [16] [17] [18] [19] [20] . An increase in hardness from 25 to 34 GPa was explained within the framework of the two step mechanism due to the formation of a solid solution of the Si atoms in the NbN lattice and the formation of a nanocomposite material [16] [17] [18] . The hardness of the nanocomposite Nb-Si-N films reaches the maxi mum values of 30-34 GPa for 5-13 at % Si [17] . As in the case of NbN, the high bias voltages at the substrate and high partial pressure of nitrogen in the Nb-Si-N system favor the growth of ε NbN grains [19, 20] .
It can be seen from this brief analysis of the litera ture that, despite the previous studies of NbN and of Nb-Si-N films, no comparative study of these two types of films obtained at the identical parameters of deposition has yet not been conducted. Furthermore, the changes in the properties of such films depending on the voltage applied to the substrate were not studied either until now. It should be noted that no theoretical studies of these NbN/SiN x nanostructures on the atomic level have been conducted, all the more so compared with the experiment.
Therefore, in this work, for the first time, we per formed a complex study of NbN and Nb-Si-N films depending on the deposition conditions, in particular at different values of U s . The films were investigated using the methods of atomic force microscopy (AFM), X ray diffraction (XRD), X ray photoelec tron spectroscopy (XPS), nanoindentation, and microindentation. The deposited nanocomposite films were annealed to determine their thermal stabil ity. To interpret the experimental results obtained for the nanocomposite Nb-Si-N films, the first princi ples calculations of NbN/Si x N y heterostructures have been performed in terms of the molecular dynamics method.
EXPERIMENTAL AND CALCULATION PROCEDURES
The NbN based films were applied to specular pol ished Si (100) plates by the dc magnetron sputtering of targets of Nb (∅72 × 4 mm, 99.999 at %) and Si (∅72 × 4 mm, 99.9 at %) in an atmosphere of argon and nitrogen at the following parameters of the depo sition: the temperature of the substrate was T s = 350°C; the bias voltage at the substrate was U s = 0, ⎯20, -40, -50, and -70 V; the flow rate (F) of argon F Ar = 40 cm 3 /s and of nitrogen F N2 = 13 cm 3 /s; the pressure P C = 0.17 Pa; the current at the Nb target I Nb = 150 mA (P Nb = 8.6 W/cm 2 ); and the current at the Si target I Si = 100 mA (P Si = 5.3 W/cm 2 ). The basic pressure in the vacuum chamber was better than 10 ⎯4 Pa. The distance between the targets and the holder of the substrate was equal to 8 cm. The dihedral No. 10 2015 angle between the regions of the targets was ~45°. The silicon substrates were cleaned ultrasonically before they were placed into the vacuum chamber. In addi tion, the substrates were etched before the deposition in hydrogen plasma in a vacuum chamber for 5 min.
The vacuum annealing of the coatings was carried out using a Pekly herrmann moritz JF1013 (France) setup equipped with a PFEIFFER HiCube 80 Eco (Ger many) vacuum station at a pressure of the residual atmosphere P ann = 8 × 10 -4 Pa at the temperatures of 600, 800, and 1000°C for 1 and 2 h.
For investigating the elemental composition and morphology of the films, we used a JEOL 7001F TTLS scanning electron microscope (SEM) equipped with an energy dispersion X ray (EDX) microanalyzer, a Lyn cee Tec holographic microscope, and an OmegaScope confocal Raman spectroscope.
The crystal structure of the films was determined by X ray diffraction (XRD) using a DRON 3M diffrac tometers and a Bruker Advanced 8 diffractometer in CuKα radiation according to the Bragg-Brentano scheme. The average size of crystallites in the films was evaluated based on the broadening of peaks in the dif fractograms according to the Scherrer formula. The binding energy of the elements in the films was deter mined with the aid of X ray photoelectron spectros copy (XPS, ES 2401, Soviet Union) in the spectrum of the Mg Kα radiation (Е = 1253.6 eV). As the standard, the peaks of Au 4f 7/2 and Cu 2p 3/2 with the binding energies of 84.0 ± 0.05 eV and 932.66 ± 0.05 eV, respectively, were used. The morphology of the surface was analyzed using a NanoScope Dimension 3000 (Digital Instruments, United States) atomic force microscope. The hardness and elasticity modulus of the films were determined using a G200 nanoindenter with a trihedral Berkovich type pyramid under loads in the range of 0.5-10 N. This range of loads was selected in order to obtain a noticeable plastic defor mation of the film but avoid the influence of the mate rial of the substrate. These nanohardnesses (H) and elasticity moduli (Е) were determined from the loaddisplacement curves using the Oliver-Pharr method. The Knoop hardness (H K ) was estimated using a Micromet 2103 BUEHLER LTD Microhardness Tester under a load of 100 mN. The thickness of the films was determined using a Mikron Gamma optical profilometer, as well as by studying SEM images of cross sections of samples with coatings.
Theoretical Methods
The NbN/Si x N y heterostructures consisting of one Si x N y interfacial monolayer between the layers of ε NbN(001), δ NbN(001), and δ NbN(111) were simulated at 0 K and 1400 K using the first principles molecular dynamics (MD) method with subsequent static relaxation. We selected the configurations of the heterostructures that were most stable in the case of the TiN/Si x N y systems. The characteristics of the het erostructures investigated are given in Table 2 .
The MD calculations were performed using the Quantum ESPRESSO 5.0.2 code [24] with periodic boundary conditions. The generalized gradient approximation (GGA) due to Perdew, Burke and Ern zerhof (PBE) [25] was used for the exchange-correla tion energy and potential. For describing the elec tron-ion interaction, the ultrasoft pseudopotentials were used [26] . The criterion for the convergence for the total energy was taken equal to 1.36 × 10 -5 eV. To accelerate the convergence, each eigenvalue was smeared by a Gaussian with a width σ = 0.272 eV. The initial heterostructures were improved, by the optimi zation of the basis vectors and the atomic arrangement inside the super cell with the aid of the BroydenFletcher-Goldfarb-Shanno (BFGS) algorithm [27] . The MD calculations of the originally relaxed hetero structures were carried out at 1400 K with fixed parameters of the unit cell and fixed volume (NVT ensemble, constant number of particles-con stant volume-constant temperature) for a time of 1.7 ps. The temperature of the system was kept con stant via the recalculation of the speed, and the change Table 2 . Composition, designation, number of layers in the NbN film (N L ), and the change in the total energy No. 10 2015 in the total energy was controlled at each time step of the MD procedure. All the structures reached an equi librium state in a time of ~1 ps.
In the MD simulation, we used the cutting energy of 408 eV and one k point at the center of the Brillouin zone. The substantiation of this approach was con firmed in [28, 29] .
After the MD balancing, the geometry of the het erostructures was optimized by the simultaneous relaxation of the basis vectors of the supercell and of the positions of atoms inside the supercell using the BFGS algorithm [27] . The Monkhorst-Pack (2 2 2) scheme [30] was used. The relaxation of the atomic coordinates and the supercell was considered termi nated when the atomic forces were less than 25.7 MeV/Å, the stresses were less than 0.05 GPa, and the change in the total energy during the structural optimization of the iterative process was less than 1.36 meV. For the heterostructures, we introduced the abbreviations ZT and HT, which relate to the hetero structures obtained at 0 and 1400 K, respectively.
The tensile stress-strain curves were calculated according to the following scheme:
(1) we extended the supercell along the c axis with a small true deformation (~0.04);
(2) the basis vector с was fixed; (3) the basis vectors a and b of the cell and atomic positions in the supercell were optimized simulta neously.
The cubic B1 type (Fm3m) structure of NbN was also studied for checking our computational method. The lattice parameter was calculated to be a NbN = 4.41 Å, which is close to the experimental value Figure 1 shows the AFM topography of the surface of NbN and Nb-Si-N films deposited at different voltages applied to the substrate (U s = 0, -20, -40, ⎯70 V). It can be seen that the surface roughness decreases in the order NbN-Nb-Si-N, and with an increase in U s . The smaller roughness of the surface of the Nb-Si-N films in comparison with NbN films can be connected with the presence of amorphous SiN x , one of the components of the Nb-Si-N films (see below). Hence, it follows that an increase in the voltage U s applied to the substrate during the deposi tion and the introduction of silicon favor the reduction of the surface roughness. Figure 2 displays portions of the diffractograms of the coatings both without silicon and with silicon obtained at zero bias. It can be seen that upon the sputtering of niobium, there is formed the two phase structure on the coating; along with the peaks from the cubic component (δ NbN, NaCl type structure, PDF no. 38 1155), strongly smeared peaks from the phase identified as α' NbN (PDF no. 43 1420) are present. In the case of alloying with silicon (spectrum 2 in Fig. 2) , peaks from the cubic δ NbN phase are also revealed; however, in this case as the second system there are present diffraction peaks from the phase that we defined as Si 3 N 4 (PDF no. 40 1129). One should also note the appearance of a preferred orientation of growth (200) for δ NbN crystallites (both in the coat ings with and without silicon). The analysis of substructural characteristics has shown that the coatings of the NbN system are strongly distorted. The level of microdeformations reaches 1.5%. The average size of the crystallites of the δ NbN phase reaches 27 nm and, in the α' NbN phase, it reaches ~3 nm. Coatings of the Nb-Si-N system are less distorted, and the microdeformation is about 0.5%. The average size of crystallites in this case is greater; it reaches 50 nm for crystallites of the δ NbN phase and is close to 23 nm for the crystallites of the Si 3 N 4 phase.
RESULTS AND DISCUSSION

Experimental Results
The asymmetry of the diffraction peaks from the δ NbN phase on the side of larger angles indicates the presence of stacking faults, which usually appear under the action of the specific stress-strain state that arises during the formation of the coating.
For the Nb-N system, the application of a bias potential leads to the formation of crystallites of δ NbN almost without a preferred orientation (Fig. 3) . In the case of the Nb-Si-N film, the appli cation of a bias potential determines a gradual decrease in the degree of texture up to the transition into a polycrystalline state without a preferred orienta tion of crystallites as the bias potential reaches -70 V (Fig. 4) .
The calculation of substructure characteristics has shown that, in the Nb-N system, the sizes of the crys tallites of the δ NbN phase [32] in the presence of a negative bias potential during the deposition (-40 V) are 86 nm at a high value of microdeformations (2.1%). An increase in the negative bias to -70 V dur ing deposition leads to a strong dispersion of the struc ture of the arising condensate (the average size of crys tallites decreases to 17 nm). The value of the microde formation in this case is 1.7%, which is somewhat lower than in the condensates formed while depositing at U s = -40 V. The lattice parameter in the direction perpendicular to the film surface changes from 0.439 nm in the coatings obtained without applying the bias potential to 0.440 nm at U s = -70 V.
In the Nb-Si-N system, the application of a neg ative bias potential of -20 V has led to a significant change in the average size of the crystallites of the δ NbN phase and to the transition of the regions of the ordered Si 3 N 4 phase into an amorphous like state. The size of the crystallites of the δ NbN phase decreased from 47 (at U s = -20 V) to 27 (at U s = -40 V) and even to 9.1 nm (at U s = -70 V). The microdefor mation of the crystallites in the entire range of the applied U s remains at a level of 0.5%, rising to 0.6% at the greatest U s = -70 V. Figure 5 shows portions of diffractograms taken before and after the annealing of coatings of the NbN system at 1000°C. Note that annealing has led to a decrease in the lattice parameter of the δ NbN phase: at U s = -40 V, the decrease is from 0.439 to 0.437 nm after annealing with 1000°C and, at U s = -70 V, the decrease is from 0.441 to 0.433 nm. This change is characteristic of the behavior of ion plasma conden sates upon the annealing and is determined by the relaxation of the initial (postcondensation) compres sive stresses [38] [39] [40] [41] .
The analysis of the changes in the substructure characteristics upon the annealing has shown that, for the coatings obtained at U s = -40 V, the annealing leads to an increase in the size of grains-crystallites to an average size of 200 nm and to a reduction in the microdeformations to 0.22%. In the case of the strong dispersity of the initial structure, the annealing at U s = -70 V has led to an increase in the size of crystallites from 17 to 87 nm and to a significant decrease in the microdeformation (from 1.7 to 0.45%). Figure 6 shows diffractograms for the of Nb-Si-N system after annealing at a temperature of 1000°C.
Note that, in the case of coatings of the Nb-Si-N composite, the annealing also leads to a decrease in the lattice parameter of the condensate. This is most strongly pronounced for the coatings deposited at U s = -70 V, for which the lattice parameter of the δ NbN phase decreased from 0.439 to 0.435 nm after a 2 h annealing at 1000°C (Fig. 6, spectra 5 and 6) .
The analysis of the substructure characteristics of this series of coatings has shown that the substructural state changes to the smallest degree upon the anneal ing of the samples obtained without the bias potential. The size of crystallites D changes from 50 to 67 nm, and the microdeformation changes from 0.5 to 0.47%.
As a result of the annealing, changes occur on the substructure level in the coatings obtained at U s = -40 V. In this case, the annealing leads to an increase in D from 27 to 120 nm and to a significant relaxation of the distorted state (a decrease in microdeformation from 0.49% to 0.25%).
The annealing has influenced to a considerable extent the substructure characteristics of the films obtained at the greatest U s = -70 V. After this anneal ing, the average size of crystallites increased from 9.1 to 150 nm, and the value of the microdeformation changed from 0.6 to 0.3%.
Not so significant changes that occur upon the annealing of the films obtained without the bias and at a small bias potential can be connected with the high concentration of silicon atoms in them, which exert a retarding effect. At the high bias potential, a strong change in the substructure characteristics upon the annealing can be caused by a considerably smaller influence of the silicon component because of its par tial secondary sputtering from the growth surface dur ing the deposition. To check this hypothesis, we per formed a microprobe elemental analysis of the coat ings obtained without the bias potential and at a high U s (-70 V).
The results of the microprobe analysis of coatings of the Nb-Si-N system obtained without the bias potential and at U s = -70 V are given in Table 3 . It can be seen that, without the bias voltage, the Nb/Si ratio is equal to 2.57. The composition of the coatings obtained at U s = -70 V is somewhat different; it can be seen that Nb/Si = 3.77. Thus, the application of a large negative bias potential led (as a result of the sec ondary sputtering) to a relative depletion of the light atoms from the coating, which was expected upon the discussion of the results of annealing. A comparison of the results of the structural and elemental spectral analysis shows that at the high con tent of nitrogen there is formed a strong texture (200), whereas in the case of the ratio between nitrogen and other atoms that is close to 50 : 50 a polycrystalline structure is formed without a clearly pronounced pre ferred orientation of crystallites.
It should be noted that, in both cases, the content of Si in the coatings is somewhat overestimated, which is determined by the specific features of the method of the analysis of the silicon containing coatings with a thickness to 2 µm on silicon substrates.
As can be seen from the appearance of the fracture of a coating (Fig. 7) , its thickness is about 1.2 µm, and the dense (without cracks and pores) structure does not have a clearly pronounced columnar structure. This determines the good prospect of using these coat ings as diffusion barriers. Figure 8a shows the surface of an NbN film obtained in the absence of a bias potential at the sub strate. It can be seen that the film is of fairly good qual ity without pores; a globular structure is formed on the surface with globules sizes of approximately 100 nm. The ratio of the concentrations of Nb and N (Fig. 8c ) is close to stoichiometric, i.e., С N = 51.79 at % and С Nb = 48.21 at %. Figure 9a shows the image of the surface of an NbN/SiN x coating obtained after the deposition with the application of a negative bias potential U s = -70 V to the substrate. As can be seen from the results of the SEM and AFM analyses, the addition (introduction) of Si into NbN leads to a decrease in the roughness of the coating; at the same time, the microprobe analysis has shown that the concentration of Si is not very high and corresponds to approximately 4 at %. As is known from [15] , this concentration of Si in the NbN/SiN x system corresponds to the highest values of hardness, which can reach 53 GPa. Figure 10 displays the dependence of the size of crystallites in the NbN and Nb-Si-N films on the parameter U s . The value of D decreases with an increase in U s for Nb-Si-N and has an extremal dependence for NbN. After annealing, a substantial increase in the sizes of crystals is observed, which is connected with the processes of recrystallization, a decrease in the magnitude of microstresses, and a decrease in the amount of defects in the coating.
The results of the XPS studies for both the initial basic and annealed NbN and Nb-Si-N films are rep resented in Fig. 11 . It is known that, in the Nb com pounds, upon annealing in contact with air, an oxide is formed [19] , and the peaks at 204.07 eV and 206.88 eV can be identified as Nb 3d in NbN (203.97 eV [21] ) and in Nb 2 N 2 -x O 3 + х (207.0 eV [33] ). For the NbN films, the position of peak N 1s at 397.4 eV in the spec trum is defined by the Nb-N bonds, while for the Nb-Si-N films, this peak is located near 397.2 eV and can also be defined as N 1s in NbN (397.4 eV [19] ). We assume that the asymmetry of the N 1s peak can be caused by Si-N bonds in Si 3 N 4 (397.8 eV [34] ).
Additional information about the bonds of Si in the Nb-Si-N films comes from the XPS measurements of the Si 2p spectrum (Fig. 11 ). The peak with the (Fig. 11) . Using the XPS data, we estimated the content of niobium, nitrogen, and silicon (C Nb , C N , and C Si , respectively) in NbN and Nb-Si-N coatings. It was found that C Nb = 44.5 at % and C N = 55.5 at % for the NbN films; and C Nb = 45.1 at %, C N = 43.2 at %, and C Si = 11.7 at % for the Nb-Si-N films, which coincides in order of magnitude with the results (EDX) of the microprobe analysis.
A comparison of the results presented in Figs. 1-11 makes it possible to establish the structure of the NbN and Nb-Si-N films. The NbN coatings are nano structured films, and the Nb-Si-N films have a nanocomposite structure, consisting of δ NbN x nanocrystallites embedded into the amorphous matrix of Si 3 N 4 (nc δ NbN x /a-Si 3 N 4 ). In contrast to NbN coatings, the Nb-Si-N films reveal a preferred (200) orientation of grains. The films contain oxygen in the form of niobium oxides (after annealing at 600, 800, and 1000°C); the concentration of oxygen increases from a few percent to 20 at % at a temperature of 1000°C. We also assume that, in the case of the Nb⎯Si-N coatings, oxygen is present in the form of SiO 2 , which leads to its segregation along grain bound aries. Note that, despite the larger grain sizes, the roughness of the surface of Nb-Si-N films is less than that of the NbN films. It can be assumed that the amorphous Si 3 N 4 phase in the Nb-Si-N nanocompos ite films can influence the relief of the surface [33] [34] [35] [36] [37] ; for this reason, the roughness of the surface of nanocom posite films must be lower than that of NbN films.
The dependences of the nanohardness (H) and of the elasticity modulus (Е) on the depth of penetration (L) of the indenter for the deposited films are represented in Fig. 12 . It can be seen that, beginning with 75 nm, the nanohardness practically does not depend on the depth. The nanohardness and the elasticity modulus only weakly depend on U s , increasing slightly with an increase in the bias voltage at the substrate. These results indicate that the soft silicon substrate does not exert a significant effect on the results of measure ments of the nanohardness of the films. The modulus of elasticity of the films proves to be more sensitive to the substrates, especially at high L. Figure 13 shows the maximum values of Н and Е determined from the H(L) and E(L) dependences as functions of U s . For the NbN films, the values of H tend to increase with increasing U s . These values reach 29.5 GPa at D ~ 50 nm (Fig. 13a) . In the case of the Nb-Si-N coatings, the maximum values of H = 31.6 GPa are attained at U s = -20 V (D ~ 47 nm). A comparison of the results presented in Figs. 10 and 13 shows that the modulus of elasticity of the NbN and Nb-Si-N films grows with increasing grain size.
It was established that the nanohardness is lower by approximately 10-20% in comparison with the Knoop hardness. Figure 14 shows the change in the No. 10 2015 IVASHCHENKO et al.
Knoop hardness H K for NbN and Nb-Si-N coatings depending on the temperature of annealing (T ann ).
The hardness increases a little after annealing at T ann = 600°C and decreases with a further increase in T ann to 1000°C. An increase in the hardness can be ascribed to a densification of the coatings because of crystalline reconstructions [21, [38] [39] [40] [41] . A significant reduction in H K at T ann > 600°C can be connected with the oxi dation, since the vacuum inside the chamber for the annealing was kept at a level of 0.001 Pa. This vacuum is insufficiently low to avoid oxidation at high T ann . We can see from As a result, the concentration of oxygen grows and can reach 20 at %, as was shown by the EDX and XPS methods. Figure 15 shows the atomic configurations for the δ Si 3 N 4 (001) heterostructures. It can be seen that the optimization of the geometry of the initial hetero structure at 0 K preserved the heteroepitaxial struc ture, as is described for the TiN(001)/Si 3 N 4 hetero structure in [28] . At 1400 K, the structure of the δ Si 3 N 4 (001) interfaces changes. There are almost symmetrical shifts of the nitrogen atoms downward and upward in the layers located above and below the interfacial layer, as well as displacements of silicon atoms and breaksing of about half of Si-N bonds. This leads to the formation of distorted Si 3 N 4 like blocks, which are represented by single SiN 4 and SiN 5 clus ters. Along with the new Si 3 N 4 like blocks, the original B1 type SiN 6 clusters [37] are present in the high temperature heterostructure.
Theoretical Results
Since the length of the Si-N bond 1.75-1.77 Å in β Si 3 N 4 is considerably shorter than the length of the Nb-N bonds 2.205 Å in pure NbN, stresses appear in the NbN/Si x N y interfaces. These stresses and the ten dency of silicon atoms to acquire a fourfold coordina tion with the atoms of nitrogen (as in Si 3 N 4 ) are the basic factors that produce changes in the interface lay ers. The comparison of the structure and structural functions of the HT δ Si 3 N 4 (001) interfaces with those of the amorphous Si 3 N 4 calculated in [28] shows that the structure of the interface is very close to the struc ture of the over coordinated amorphous Si 3 N 4 . Thus, the structure of the HT δ Si 3 N 4 (001) interface is amorphous rather than heteroepitaxial, which agrees with our experiment. In Fig. 16 , we show the high temperature hexago nal heterostructures ε NbN(001)/Si x N y and δ NbN(111)/Si x N y . An analysis of the atomic config urations and total energies of the ZT and HT hetero structures (Table 2) shows that ε SiN(001), ε Si 3 N 4 -Si 2 N 3 (001), and δ SiN(111) heterostructures only weakly change with the temperature. The initial hete roepitaxial layer in the ε SiN(001) heterostructure changes already upon the static relaxation at 0 K. The interfaces in the ε Si 3 N 4 SiN(001) and δ Si 3 N 4 -Si 2 N 3 (111) heterostructures become amorphous at a high temperature. As a result, the total energy of these systems increases with increasing temperature (Table 2) . No. 10 2015 IVASHCHENKO et al.
ε NbN(001)/Si x N y , and δ NbN(111)/Si x N y hetero structures. The formation of interfaces in NbN leads to a decrease in the tensile strength. It can be seen that the least strength is characteristic of the δ Si 3 N 4 (001) and ε Si 3 N 4 -SiN(001) heterostructures. It follows from these results that the formation of the interfacial layer of Si x N y in δ NbN(001), δ NbN(111), and ε NbN(001) strongly destabilizes niobium nitride. The calculated δ Si 3 N 4 like inter faces have a structure close to amorphous, which is in agreement with the experiment [42] [43] [44] [45] [46] [47] . The forma tion of interfaces does not lead to a strengthening of the chemical bond in heterostructures. Thus, the observed increase in the strength in the nanocompos ite films based on NbN and Si x N y should be assigned mainly to the interfaces, which play the role of the bar riers that impede the motion of dislocations. For the NbN/Si x N y heterostructures, in the absence of lattice defects (dislocations, point defects, etc.), our theoret ical results predict a decrease in strength with the for mation of Si x N y interfaces in NbN.
CONCLUSIONS
Nb-N and Nb-Si-N films on silicon plates have been obtained by magnetron sputtering using different bias voltages (U s ) at the substrate. Complex investiga tions of the properties and structure of the deposited films have been carried out. The studies using atomic force microscopy (AFM) show that an increase in U s and the introduction of silicon favor a reduction in the surface roughness. The XRD, XPS, and EDX analyses made it possible to establish the structure of the depos ited films. The NbN and Nb-Si-N films had a nano composite structure. The Nb-Si-N films consist of clusters of δ NbN x nanocrystallites embedded into the amorphous SiN x phase (nc δ NbN x /a-Si 3 N 4 ). The Nb-Si-N films possess a higher hardness (H ~ 32 GPa) in comparison with NbN films (H ~ 29 GPa) mainly due to the formation of a nanocomposite nc δ NbN x /а-Si 3 N 4 structure. The nanohardness and the modulus of elasticity of the Nb-Si-N films weakly depend on the bias voltage at the substrate. It is assumed that some increase in the nanohardness of nanocomposite films in comparison with that of NbN films is caused by the greater sizes of grains of δ NbN x in the Nb-Si-N films (7-50 nm). The Knoop hard ness decreases with an increase in the temperature of annealing from 600 to 800 and 1000°C because of the partial oxidation of NbN and Si 3 N 4 .
The results of first principles calculations of NbN/Si x N y heterostructures show that, in the absence of lattice defects, the formation of Si x N y interface should not lead to a strengthening of the chemical bonds and increasing of the ideal tensile strength of the nanocomposites. Therefore, the observed increase in the strength of the nanocomposite nc δ NbN/a-Si 3 N 4 coatings should be assigned mainly to the interfaces, which play the role of barriers that impede the move ment of dislocation.
